AD-A144 487 ZEEHRN STUDIES OF SHALLOW DONORS AND EXCITONS IN 1/1
| UANTUM WELLSCU)> NEW ORLEANS UNIY LR R L GREENE MAR 84
' RFOSR -TR-84-8627 AFOSR-83-0128

UNCLASSIFIED F/G 28/18 NL




o

FEFFEEE

EEEE
FE

.

—

rr

(4

fr

—

N
o

==
[

N
O

16

Jlis

Sm—
———
F———
F——
—

A

> s

,”NJ
WA I o d
’ Al
e

:gi
3 -
: MICROCOPY RESOLUTION TEST CHART .

NATIONAL BUREAU OF STANDARDS-1963-A

-
)’ S

0
T
1 Z

v
Ty

et
.;-_J‘- 'l
-.'..\‘-
i
S
> -
o
fog~r

| J
) )

A tamae " AR A
SRS e 2
=~ ..\-..~_.4 e o
.

I VY TS TRTRPL L S LR



O

0 .8,
» l-‘ A‘.r‘.n‘
»
r "5 s
:'A'..A 2 8 s

P
X 5

Y

. Y t,lf
YR

AT
<

\—"'

¢
..A......

OTIC FILE COPY

¢’
l‘. ‘\ .

b

‘e

2

Js#ﬂ

P A

T

AD-A144 487

PR i )
P T T N A0S
D . LR SA AT L ©

INDLET

2 8 4
SECURI™Y C. ASSIFiCATION OF VRS BAIE Uher Durn Errercd”

REPORT DOCUMENTATION PAGE

REAL INSTRUC w5 -
BEFORE COMPLET.N v FORMN

2 GOVY ACZCESSION NO.

AFOSR-TR-

. REPOR- NUMBER N ;
~ A ! n 7 |

24,0827

+

w

RECIPIENT'S LATA.DG N-MBER ‘
/"7
)

4. TiTLE (and Subtitie) 5 TYPE OF REPORT & PER| COVENED
01 MAY 83 - 29 FEB 84
Zeemar. Studieg of Shallow Dorors z2rd Txeie TahAL
: . Tt T 6. PERFOR G . 20 BER
‘t‘or.s ir Quantum Wells ORMING D3G. REPDR™ NUM
7. AUTHOR:!s, 8. CONTRACT OR GRANT NUMSBER/s;
Dr. Rorald L. Greene, Dr. K.K. Bajaj ARFOSR-83-0120

9. PERFORMING ORGANIZATION NAME AND ADDRESS

Urniversity of New Orleans
New Orleans, LA 70148

10. PRCGRAM ELEMENT PROJECT, TASK
AREA & WORK UNIT NUMBERS

2306/D9 é//O,Z/C

11, CONTROLLING OFFICE NAME AND ADDRESS
AFOSR/NE
Bolling AFB, DC

12.

REPORT DATE
2 £

20332

13. NUMBER OF PAGES

pp 1-22.

14. MONITORING AGENCY NAME & ADDRESS(if different from Controlling Office)

15. SECURITY CLASS. (of this report)

distributionunlimited.

UNCLASSIFIED
T5a. DECL ASSIFICATION DOWNGRADING
SCHEDULE
6. OISTRIBUTION STATEMENT (of this Report)
Unlimited Approved for pmhlin rate -«

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, il different from Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on rever<e side if necessary and ident!fy by block number)

20 ARSTRAZCTY (Contipue on reverse side If necessary ond 1d=ntify: by block number)

Toe

ST

reverce

tORM
bD . .5

ho o

[

1y Ly
i TR




-~
R Phitiub il g M

-8 8 &4 2

ot gl Cuye

e

a8 4 ata e

LA .4.

‘--

AR R R S R R Ry G T R L - e - . . e . - -
LY -.l' - e 0T Ny ‘\ ...\ \ ...n. . ey % d -« $~\~ \1\1.'1 .\'l a \-_.-.‘. q.‘-" “‘ ..‘.‘...- - \.'..- \q’\.\. t\- o "-'\- \.“

* Dt AR A A DA A MO AS MR

Jropsoo: -

SECUMITY S_ASSIFZATION OF ~w § FASE Mbn Dase Frtered

fa Vet e PR W UN T
DA R A N

v

MRS A A Ao A AR

20. (cont.)

Abstract: A theoretical study has been made of the shallow donor and Wannier
exciton within a one~dimensional quantur well. The variational method was
used with a cylindracal vaussian bDasis swi. In order o f3cilirate comparison
with future experimental measurements of excited states of these systems, an
external magnetic field was assumed perpendicular to the interfaces between
the barrier material and the well. Calculations reveal that the choice of
matching conditions used at the interfaces has little effect on the binding
energies of the ground or first few excited states of the shallow donor, ex-
cept for well widths considerably smaller than the effective Bohr radius.

The results of calculations of the shallow donor ground and first few excited

states are presented for a variety of well sizes and magnetic field strengths.

Similar results are given for the ground stste of the Wannier exciton.
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Zeeman Studies of Shallow Donors and

L STy .

Excitons in Quantum Wells

Final Report
NV :
Abstract: A theoretical study has been made of the shallow donor and Wannier B
exciton within a one-dimensional quantum well. The variational method was
used with a cylindrical Gaussian basis set. In order to facilitate comparison
with future experimental measurements of excited states of these systems, an
external magnetic field was assumed perpendicular to the interfaces between

the barrier material and the well. Calculations reveal that the choice of

matching conditions used at the interfaces has little effect on the binding
energies of the ground or first few excited states of the shallow donor, ex- A
cept for well widths considerably smaller than the effective Bohr radius.

5 The results of calculations of the shallow donor ground and first few excited

states are presented for a variety of well sizes and magnetic field strengths. :
Similar results are given for the ground state of the Wannier exciton. =
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I. Introduction

Recent advances in epitaxial crystal growth techniques have made it poss-
ible to grow systems consisting of alternate layers of two different semicon-
ductors, with sharp interfaces. One of the most common of these layered systems
consists of GaAs alternated with Gal_xAles. The difference in band gap of the
two semiconductors leads to conduction and valence band discontinuities at the
interfaces. This effectively produces a periodic square-well potential with
period controllable during growth. This large scale periodic potential results
in the breaking the usual electron energy bands into subbands, and has signi-
ficant effects on the transport properties and bound, atomic-like systems of
these materials. The research reported herein deals with the effects of quan-
tum wells upon hydrogen-like systems, specifically shallow donors and Wannier
excitons.

The study of such systems is still in its infancy. The first calculations
of the ground state binding energy of shallow impurities in quantum wells as-
sumed an infinite barrier between the well material and the barrier material.l’2
Later calculations by Mailhiot gglgl.s’a and by Greene and Bajaj5 replaced the
infinite barriers by finite band discontinuities dependent upon x, the fraction-
al Al content, and determined energies for the first few excited states as well
as the ground state. The latter authors in particular found significant quali-
tative and quantitative differences between the behavior of 2s- and Zpt-like
excited states compared to the Zpo-like state.

Assuming infinite quantum wells, Bastard 35_31.6 performed similar calcul-
ations of the binding energy of the ground state of Wannier excitons in quantum
well structures. Shortly afterward, Greene and Bajaj7 reported results of the

exciton ground state in finite-well GaAs-Ga xAles structures, and very re-

1=

cently extended the work to include a few low-lying excited states.8
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:& One of the major reasons for calculating the binding energies of these
< hydrogen-like systems is the expectation that comparison between theory and

experiment can give more information about the general quality of the layered

At
:§§ materials and about the nature of the interface between the two semiconductors.
!;}{ However, it is difficult to experimentally determine donor and exciton excited
:ﬂﬁ state energies due to the large line widths of ground-to-excited-state trans-
%f itions. In bulk GaAs these line widths can be reduced by the application of
(’: an external magnetic field.9 It was the anticipation that a similar technique
'{\, would be used in these quantum well structures that led to the investigation of
»23 the Zeeman levels of Shallow donors and Wannier exciton in quantum wells.

‘::' The objectives of the research were the following:

ES 1) To study how the treatment of the different semiconductor

RS

:&E effective masses and dielectric constants affects the binding
la\ energies of shallow donor states,

;E 2) To investigate the possibility of using the energy difference

258 between the shallow donor Zpt-like and 2p°-like states to pro-

;;. vide an independent determination of the conduction band dis-

“ continuity,

‘:gé 3) To determine the binding energies of the ground and several

;lf excited states of the shallow donor at the center of the

fti GaAs-Gal_xAles quantum well, as a function of well size and

~

}:; applied magnetic field,
'E;; 4) To obtain results for the Wannier exciton ground state energy

:i in the GaAs-Ga, Al As quantum well as a function of well

2: size and applied magnetic field.

éf The results are given in Section III, and specific accomplishments are
;; summarized in Section IV of this report.
s
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II. Theory and Method Used

A. Shallow Donor

The effective mass approximation is assumed valid for the GaAs-Gal_xAles

quantun wells under consideration. With this approximation the Hamiltonian

for a hydrogenic donor in a magnetic field, applied in a direction prependicular

to the layers, can be written

1 T €A 2 2
e
H=—;(-ifo-—) - &

- X + V'w(z) , (1)

The donor impurity is taken to be located at the center of the well. The well
is a finite square well

. o |z| < L2
V y(2)=
v s lz) > w2, 2)

where L is the width of the quantum well, and V, 1s the conduction band discon-

tinuity. Using the cylindrical gauge, where
1
iBax,
and a cylindrical coordinate system with Z-axis along the magnetic field direct-

tion, yields
1 .2 2 1 22 :
H= - ;;V -t YL, + 7yp 4 Vw(z) , (3)

where X

=

= (p* + 2?)?
and Lz is the z-component of the angular momentum operator (in units of h).
The Hamiltonian in Eq. (3) is written in units of the effective Rydberg in bulk

GaAs, o*e®

R¥= Zezﬁz,

(o]

and the unit of length is the GaAs effective Bohr radius,
ﬂzeg
a*= mke
The m, in Eq. (3) is the effective mass of the electron in units of the bulk

GaAs electron effective mass, m*. For the GaAs-Gal_xAles structures, me-l

within the well,and me>l (depending on x) in the barrier material. Finally,
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the parameter yis a dimensionless measure of the magnetic field, given by
s
$§ - £hB
( Y 2m*cR*
. The conduction band discontinuity (or barrier height)in Eq. (2) is assumed
‘.\
‘I
_‘:} to be 852 of the total band gap discontinuity determined from the empirical
) ton 10 2
0 expression ME= 1.155x + .37x eV, (4)

-“_7

;—: For typical values of x and L, the barrier height is considerably larger than

AE
3- the effective Rydberg. Thus, the energy associated with the Coulomb inter-
(; ' action will, except for large well widths, be small compared to the subband

\
:} energy due to the square well. Because of this, it is helpful to explicitly
i factor the solution to the ground state of an electron in the one-dimensional
159

, 4 square well out of the donor wave function Y:
-2
% Y= £(2)G(p,z,4) . (5)
) :.'.: The (unnormalized) square well solution is given by
(' cosl_cz‘ lzl < LJ2

f(z)= aeK |z gy > L/2 (6)

The parameter x is determined from the energy of the first subband, and the

\ constants A and K are fixed by the matching conditions at the interface. It

a is assumed that F(z) and (1/m ) 3f/9z are continuous across the interface. As

Y

N
:-, discussed in Sectionlll, however, the results are not very sensitive to the

4

J\

i matching conditions chosen.
.' For wells less than several effective Bohr radii in width, the factoriza-
o
:: tion in Eq.(s) is particularly appropriate because it enables the removal of
T
o the relatively large square well energy that otherwise would numerically over- i
) 14
.A whelm the smaller Coulomb energy contribution. For large well widths, where ’
B e
;
. the energy of the subband is less than or of the same order as the Coulomb ,u
.':‘ !:
_:-f contribution, the factorization is of little or no value because higher sub- K
. L
! bands can be mixed with the lowest subband by the Coulomb potential. However Iy
- )
* this does not cause any significant problem provided the function G(pz,p) i*
¢ |
.S .
e 4 i

b
.
03

Ew et @

\J
)
: .-v,.- MG .‘l"..d‘..d‘-.{ LI

-,‘. . <o . RO -f', O PR M VoY \.\ NN ARROARS . N AN AL PO




-----

! has sufficient variational flexibility.

Lo
Aotnctctobobodedd  Aosote

i Since the Hamiltonian of Eq.(3) is cylindrically symmetric, the Z-compou-

’ ent of the angular momentum is a good quantum number. The ¢ dependence of the

;z wave function thus has the form exp(im¢), where m is an integer. If the donor !
’5 impurityis located at the center of the well, the Hamiltonian is also invariant | B
l under reflection through the origin. The wave function has a definite parity. K
jé Using this knowledge, the function G(p,z,$) can be written in the form T
S c(o,z 0= p Plet™®,q g Agy Gpj(p.2) . )

(J The parity of this functioniii determined by m+q, where q = 0, 1.

T; The basis functions c1j (p, z) are taken to be products of Gaussians in

.i P and z variables: Gij(p'z)- e°(6+ ui)pz e-ﬂjzz ) (8)

> This choice was made because of the success of a similar basis set which Aldrich |
.E and Greenell applied to the problem of hydrogen in a uniform magnetic field. ;
(i They found that the Gaussian basis set yielded good results for the ground and -
ﬁ several excited states throughout the range 0 < y < 10 . ?
;E The set of parametets{ai} used in this work is given in Table 1. They are é
N taken from the results of Huzinaga.lz who did a detailed study of the use of A
; Gaussian basis functions in the calculation of electron energies in hydrogen.

A

This set of {ai.} gives energies for the 1ls, 2s and 2p free-hydrogen states

accurate to within 0,001 Rydbergs. The parameter f was varied in each case to

20 "

ninimize the energy. 1t is primarily determined by the size of the magnetic

(<

N field. Calculations were also made using B as a multiplicative variational

XN

i parameter in the argument of the p Gaussian, rather than the additive one of

- Eq.(8). The results were poorer (gave smaller binding energies) by up to ten

‘

3 per cent, particularly for larger magnetic field strengths. The additive B

.

Al differentially distorts the individual p Gaussians, in a way consistent with

A -
¢ the physics of the magnetic field (which affects the bound electron least

: :
} strongly when it is near the donor). The multiplicative B , by contrast, :
h? \
.- 5

o

»

l.
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S
aft provides the same scaling for each of the p Gaussians.

;: The results presented in the next section used Aijto for i#j; the energie.
x N were then determined by solving the matrix eigenvalue equation,
r" % = By, |
}: where g and y are the Hamiltonian and overlap matrices. For m=q=0 (even parity), i
;; the number of basis functions (and hence the order of the Hamiltonian and over- l
:55 lap matrices) is five. For m=l, q=0 and m=0, q=1 (odd parity), there are four !
’aé basis functions. g
{ ‘ A number of runs at various values of vy and L were also made with Aij=0

.”g for [i-j[>1 and non-zero otherwise. The energies were obtained as before. In
?ié this case there are 13 and 10 basis functions for the even and odd parity cases,
:? respectively. The larger number of basis functions yielded improvements in the

?S: calculated binding energies of about 0.001 effective Rydbergs or less, which

SE gives confidence in the accuracy of the results. ;
"
(. B. Wannier Exciton i
§? If the quantum well associated with the valence band discontinuity is
‘Ei assumed large enough to split the degeneracy of the GaAs valence band, two exci-
){ tons (known as the light-hole and heavy-hole excitons) arise. In each case the

% reduction of the Hamiltonian follows pretty much the same steps as for the donor.

:S The major difference arises because the hole moves in the Coulomb potential and

== its own quantum well with an effective mass which is not isotropic. The quan- |
;E tity m, is taken to be the heavy (+) or light (-) hole effective mass in the

E? direction perpendicular to the layers (Z-axis), and u, is the electron-hole re-

duced effective mass corresponding to the heavy (+) or light (-) hole bands in

che plane perpendicular to the Z-axis. These masses are given in terms of the

Kohn—Luttinger13 band parameters vy | and Y, as6 i
Laloyyryy) (9a)
L} M 2

and
1 - ;
R T P (9b)

13 Oy P Y A,
’H- o~ ﬂ’%’\":’ ..’- by \-J':.‘- '\-}‘\’ ‘

)
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The masses in these equations are in units of the free electron mass.
In terms of these masses, the Hamiltonian for the exciton in the quantum

wells formed by the conduction and valence band discontinuities is given by

2
ge | L3 3 L 1 22 e .
P P T 02 m, 9z’

LA . ay A LY T,

+

82
32 )
b (10)

H-a II

2 122
- T vt oYL, + gyt 4 Voolz)) + V(g -

The symbols p, ¢, and r are electron-hole relative coordinates, and the

4

Hamiltonian is expressed in units of the effective Rydberg defined with elec-
tron-hole reduced mass, u_.

Since the exciton Hamiltonian of Eq. (10) has cylindrical symmetry (as -

a i ” a rFaey
-

does that for the donor, Eq. (3)) the same type of variational solution was s

* Sl

chosen. The only difference is that the ground state solution for the hole in

-
[
N .

a one-dimensional square well was factored out of the variational trial funct-

o

ion, in addition to that for the electron:

LS T A
FAPRir PRI

¥(r,r) = £ (2)f, (z) G(p,z,9). (1

RAARAA

X The function G(p, z, ¢), which is assumed to be a function only of electron-

hole relative coordinates, is of the same form as Eq.(7) and (8). For the re-

i ST b g

sults of the next section Aij-o for i#j, and the Aii are determined from the

solution of the eigenvalue problem.

The set of parameters {ai} is the same as before since the calculation

ot T,

is done using effective atomic units. However, the Hamiltonian and overlap

PR it g gt ng

matrices now involve integrals over both electron and hole positions.

27

III. Results and discussion

N

N

To examine the importance of the different effective masses of GaAs and

T

Gal_xAles, two separate sets of calculations of the donor binding energy of the

ground and several excited states were performed for x=,15, .30; vy =0.0,

AT Y.
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o1y, 02, .3, .5, .75, 1.0, 2.0, 5.0; and various values of L from 50-1000A.
One set of calculations used the GaAs value for the electron effective mass in -
both the barrier and well semiconductors. The interface matching conditions -

then required continuity of the function f of Eq. (6) and 9f/9z across the inter-

face. These are the conditions assumed by Greene and Bajaj.5 The other set of &3
calculations used the following expression for the Gal_xAles effective mass f§
(me, in units of the free electron mass):4 E

m, = 0.067 + 0.83x (11) 51

The matching conditions at the interface in this case were that f(z) and (1/me)

3f/9z are continuous across the interface. These conditions are similar to

those used by Mailhiot 55_3;,3’4 and have been justified for the GaAs-Gal_xAles ;f
system by the band calculationS of Ando and Mori.14 :ﬂ
The differences between the binding energies obtained in the two sets of :%

calculations are very small. In most cases they differ by less than 1%. The
o
worst case occurs for x=.15, L=50A with small ¥ . The differences there are

about 3% for the ls-like and 2p+-like states. Thus it appears that as far as

. e e, -
. %0 T
Lot atalals 'y

the binding energy of the shallow donor is concerned, it does not matter much

- -

what matching conditions are used, except for very small L.

The original proposal for this work indicated that a study of the effects

O et e L
Aok A A A A Lo

o

of the different dielectric constants of the two semiconductors would be under-

r e

taken. This intention was prompted by the incorrect treatment of the potential -
with the two dielectric constants in the early work of Mailhiot gg_gl.é After
the proposal was submitted, Maihiot et al. published the results of more com-
plete calculation55 which corrected the error. Because their results are very
close to the results of Greene and Bajaj5 who used the same dielectric constant
for both GaAs and Gal_xAles, it was decided that additional calculations using

different dielectric constants would not be worthwhile.
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With regard to the second research objective, a number of calculations of
the binding energy of the 2pt-like and 2po—like states were made, varying the
barrier height. Two different well widths, L=SOO; and L=750; were used. The
conduction band discontinuity was varied in 5% increments from 70% to 90% of
the total band gap discontinuity, AEg. The hope was that because of the signi-
ficantly different behavior of these two states as a function of L, they could
be used in conjunction with experiment to accurately determine the conduction
band discontinuity. The results of these calculations indicate that this is
likely not the case. The energy difference between the two states varies rather
slowly with barrier height; the change form .7AEg to .9AEg is only 0.01 R*, or
0.058 meV. This small variation is not enough larger than the expected ac-
curacy of the calculations to be acceptable.

Tables 2 - 7 give the results of calculations of the binding energies of
the ls-like, Zpt-like, and 2p,-like shallow donor states for a variety of well
widths (L) and magnetic field strengths €y). Two values of Al fractions, x=.15
and x=.30, are tabulated. Tables 8-11 give similar results for the ground
state binding energies of the light-and heavy-hole exciton. Accuracy of all

results is estimated to be about 0.0l effective Rydbergs.
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g IV. Summary

The major accomplishments of the research are listed below:

\; 1. The binding energy of the donor ground and first few

::\i excited states has been shown to be very insensitive

\‘ to the interface matching conditions used to take in-

: to account the affective mass difference between

:\: electrons in GaAs and those in Gal_xAles, at least

:": for well widths between 50 and 1000 A.

\.: 2. The energy difference between the 2pt-like state and

“ the Zpo-like state is too weakly dependent on the con-

i duction band discontinuity to use that difference as

,_‘: a diagnostic.

‘:}: 3. The binding energies of the shallow donor ground and

: first few excited states have been tabulated for a

'.-}': variety of well widths and heights and magnetic field

:‘, 4‘ strengths.

‘ : 4. The ground state binding energies of a Wannier exciton

:::::‘ in a quantum well has similarly been tabulated for

f:. various well widths and heights and magnetic field

.;- strengths.

; The work was performed by the principal investigator, Dr. Ronald L. Greene
: in collaboration with Dr. K. K. Bajaj of the Air Force Avionics Laboratory. Two
.. manuscripts reporting the results of these investigations are currently be
E_‘:: written and will be submitted for publication in Physical Review B.
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